often been attributed to a depolarization of the membrane potential (4, 5) , the nature of the ionic requirements for Na and Ca remain largely unexplained. Our group and others (6, 7) have noted a marked reduction in the amount of°2 generation induced by N-formyl-methionyl-leucyl-phenylalanine (FMLP)' in human neutrophils as the extracellular concentration of Na, [Nalb, was reduced from 140 mM to 0 by replacement with choline. It has also been observed that exposure of cells to FMLP leads to a striking depolarization ofthe transmembrane potential as measured by fluorescent cyanine dyes or by radiolabeled triphenylmethylphosphonium ion (5, (8) (9) (10) . In view of this, alterations in responses consequent to variations in [Na] b have been ascribed to changes in the Na current (6, 7, 1 1), analogous to the role of external Na in propagating the action potential in excitable tissues such as muscle and nerve (12) .
Recently, Naccache, Sha'afi, and co-workers reported that FMLP stimulates unidirectional in-and effluxes of 22Na in rabbit peritoneal neutrophils (1 1, 13) . The enhanced 22Na fluxes occurred in association with a pH, transient (i.e., prolonged alkalinization [14] ), both of which were blocked by amiloride (15, 16) , an inhibitor of Na/H exchange (17) . These findings have been confirmed and extended in human neutrophils by our group (6, 18, 19) . In these studies (18, 19) , we observed that, after exposure of human neutrophils to 100 nM FMLP in 140 mM Na medium, pHo 7 (1) It thus appears that the chemotactic factor activates an amiloridesensitive Na/H countertransport which mediates an alkalinization of pH, via the net uptake of external Na in exchange for internal H.
The nature of the dependence of several different functional responses on [Na]0 may therefore be due to the ion's serving as a substrate in the Na/H exchange reaction. This led us to investigate whether a pHi transient, specifically an alkalinization, might be a requirement for or regulate°2 production. Considering the interrelationships between Na and H as dictated by Eq. 1, we were able to vary each of the four parameters independently in order to alter both the direction and magnitude of 1 . Abbreviations used in this paper: DMO O2 under these conditions, we were able to correlate pH, responses with the degree of O2 generation and therefore, to de- termine the relationship of pHi to O2 production. We find that, in cells activated by FMLP, an alkalinization of pH, is not an obligatory requirement for O2 generation because substantial O2 release (25-45% of total) occurs in the presence of 1 mM amiloride (which nearly blocks the alkalinization, pHi remaining unchanged at~-7.25) or in the nominal absence ofextracellular Na (where pHi acidifies to -6.8). In addition, in the absence of FMLP, an alkalinization ofpHi to levels (7.7-7.8) obtained under normal conditions with an optimal dose (100 nM) of FMLP did not result in detectable O2 generation. Thus, an alkalinization of pHi ofthis degree is not, by itself, a sufficient trigger. However, in cells exposed to 100 nM FMLP, we find that the pHi appears to modulate the amount of O2 production, an alkalinization tending to enhance or potentiate the release of this product of the respiratory burst.
Methods

Incubation media
The standard medium used throughout this study had the following composition: 140 mM NaCl, 5 mM KCG, 1 mM CaCl2, 0.5 mM MgCl2, 5.6 mM glucose, 5 mM Hepes buffer, pH 7.40, and 1 mg/ml ofciystalline bovine serum albumin. To test the effects of varying external Na, media of appropriate [Na]0 were prepared by equimolar substitution of Nmethyl-D-glucamine for Na. N-methyl-o-glucamine, rather than choline, was chosen as the replacement for Na for the following reason. In preliminary studies, we found that even a short (-5 min) exposure to high choline concentrations (>50 mM) caused marked inhibition of O2 release when cells were subsequently resuspended in 140 mM Na medium and stimulated with FMLP. In contrast, cells pretreated in Na-free, 140 mM N-methyl-Dfglucamine-containing medium for 5 min displayed a normal O2 generation response when the cells were then exposed to FMLP in 140 mM Na. This suggests that at least part of the inhibitory effect of choline medium noted above is due, not to the reduction in external Na, but rather to the presence of choline or, perhaps, to a contaminant.
In some instances, the experimental media were buffered with 5 mM 2-N-morpholino)ethanesulfonic acid (MES) ( 
Cell isolation
Neutrophils were isolated from heparinized blood of normal donors by the standard procedure of dextran sedimentation at 37°C followed by Ficoll-Hypaque gradient centrifugation at room temperature (20) . The cellular pellet was resuspended for 30 s in distilled water to lyse any red cells present. Isotonicity was then restored by addition ofNaCl solution, after which the cells were washed twice in standard medium (pHO 7.40 15 min. The rapid initial pH, rise upon exposure to NH4Cl, which has been described in a variety of cell types (22) , is due to the entry and subsequent protonation of NH3. The ensuing recovery during maintained NH4CI exposure can be interpreted as due to the entry of H' equivalents. The resulting intracellular accumulation of H' equivalents leads to a pHi undershoot when NH4C1 is removed, because most of the intracellular NH' leaves as NH3 (22) .
Neutrophils of more alkaline pHi were prepared by means of the overshoot of pHi after a CO2 prepulse as described below (21, 22) . Cells were exposed to 5% or 18% CO2 for 30 min at 37°C. Upon application of 18% CO2 at constant pHo (7.40) , pHi falls immediately to -6.80.
Over the next 20-30 min, pHi recovers by 0.2 U to -7.00, after which it remains unchanged. When, after 30 min of CO2 exposure, the cells are resuspended in C02-free standard medium (pHo 7.40), the pH, rapidly rises to -7.75, that is, -0.5 U above control. The pH, then returns towards the original value over the course of the following 15 min. The pHi fall upon CO2 application is due to the entrance and subsequent hydration and dissociation of molecular CO2. The subsequent alkalinization during maintained CO2 exposure can be interpreted as the result of removal of H+ equivalents from the cells. The resulting intracellular H+ deficit leads to a pH, overshoot upon CO2 removal. For this study, cells were exposed to 5 or 18% CO2. In the former instance, the pHi changes were qualitatively similarto the above though oflesser magnitude.
Reagents
The following chemicals were purchased from Sigma Chemical Company, 
Assay ofsuperoxide radical generation
Continuous assay technique. Superoxide generation was measured by the reduction of ferricytochrome c as previously described (25) . The production of O2 was assayed continuously by means of a recorder attached to a spectrophotometer (model 250, Gilford Instrument Laboratories, Oberlin, OH) in which the cuvette chamber was maintained at 37°C by means of circulating water. Experiments were performed in a total volume of 3.0 ml containing 2 X 106 neutrophils and 25 gM ferricytochrome c, to which 100 nM FMLP was added as a concentrated stock solution. Discontinuous assay technique. All experiments were performed in duplicate in a volume of 0.4 ml in plastic tubes containing neutrophils (3-5 X 106/ml), ferricytochrome c (75 1M), and FMLP at final concentrations of 4 or 100 nM. The tubes were placed at 37°C and periodically agitated. After 5 min, the cells were pelleted by centrifugation at 8,000 g for 30 s in a microcentrifuge. The supernatants were decanted and the amount ofreduced cytochrome c assayed as follows: 0.2 ml ofsupernatant was added to 2.8 ml of 0.1 M potassium phosphate buffer, pH 7.40, and the absorbance spectrum was measured at 549 nm in a spectrophotometer (Gilford Instrument Laboratories). Utilizing potassium ferricyanide (Fisher Scientific Co.) and sodium dithionite (J. T. Baker Chemical Co., Phillipsburgh, NJ), the amount of reduced cytochrome c and the total amount of cytochrome c present were calculated using an extinction coefficient of 21.1 mM-' cm-' at 550 nm (reduced-oxidized) (26 FMLP-stimulated°2 generation which was complete by 5 min (see Fig. 1 ).
Data analysis
In several instances, the time course of pHi after exposure of cells to FMLP could be described by a single exponential equation of the form:
where pHijit, pH,, and pH., are the pHi values at, respectively, zero time, time t, and after steady-state had been reached, and k is the rate coefficient. Curves representing the equation were fitted to the various groups ofdata by the least-squares method. The initial rate ofpHi change was derived from the expression k/pH,, -pHi~it]. In other cases, the pHi course was nearly linear over the period of study, and the slope of the linear regression represented the rate of pHi change.
In the statistical analyses, two-tailed comparisons were performed using multiple independent t tests on difference scores (27) .
Results
Effect ofamiloride. Exposure ofhuman neutrophils to an optimal dose ofFMLP (100 nM) led to the generation of°2 as measured by the reduction of cytochrome c (Fig. 1 ). Also shown is the time course of FMLP-induced O2 production in the presence of 1 mM amiloride, a drug which blocks Na/H countertransport (17) . In both cases, the release of O2 was complete by 5 min, i.e., the duration was unaffected by amiloride although the extent of release was reduced by about half. [It should be emphasized that none of the drugs or experimental conditions (see below) had any effect on the time course of FMLP-stimulated°2-gen- eration. Thus, the differences to be described reflect changes in the total amounts of 0°release.] The stimulation of respiratory burst activity was associated with an alkalinization of pH, from 7.22 to 7.80 ( Fig. 2) , which followed a time course similar, but not identical, to that of FMLP-induced O2 release (Fig. 1) . The rise in pHi is mediated by a chemotactic factor-activated exchange of external Na for internal H. Fig. 2 also shows that 1 mM amiloride reduced the initial rate of alkalinization elicited by FMLP from 0.288±0.036 to 0.0061±0.0006 pH/min, an inhibition of 98%. However, at this concentration of amiloride, FMLP-stimulated O2 production was only partially reduced, i.e., to a level -40% of the total in the absence of the drug (Fig. 1) . From the data of Figs. 1 and 2, it is immediately apparent that an alkalinization of pHi cannot be an absolute requirement for 0°generation because a considerable amount of 0°release was still observed in the presence of amiloride, which nearly abolished the pHi transient.
The dose dependencies of amiloride inhibition of the pH, and 0°responses induced by 100 nM FMLP are shown in Fig.  3 All experiments were performed in standard medium (140 mM Na, pHo 7.40 Effect of extracellular Na. In order to test further whether pHi might at least partially regulate the 0°response, a number ofother modifications in the experimental design were employed. In this series of experiments, both the direction and degree of the pHi response induced by FMLP were varied by altering the Na gradient across the cell membrane, i.e., by changing the extracellular concentration ofNa. Fig. 4 shows the results ofvarying (Fig. 4) , were related to a pHi change, then one would predict that amiloride would have little or no effect on OF release by cytochalasin B-treated cells, an expectation verified by the data of Experiments were performed as in Fig. 4 It is important to bear in mind that our group has previously reported that the binding of tritiated-FMLP is not affected by the removal of extracellular Na and that binding appears to be independent ofthe nature of the monovalent cation in the bathing medium (6) . Also, variations in pHoIover the range employed in this study (6) (7) (8) have only a modest effect on the binding of FMLP (29, 30) . A slight reduction in binding has been reported as pHais raised from 7.4 to 8.0, where the amount of°2 generation is actually increasing (Fig. 5) . Thus, the observed experimental results in Figs. 4 and 5 are unlikely to be due to variations in the binding of FMLP to its cell surface receptors.
Effrect of intracellular Na. Fig. 6 (38) , and for the early developmental behavior following sea urchin egg fertilization (39) . All of these observations strongly implicate pHj as an important element in stimulus-response coupling. Our group ( 19) and others ( 14) have previously reported that exposure of human or rabbit neutrophils to FMLP leads to an alkalinization of pHi. In contrast to the single phase of alkalinization in FMLP-activated human neutrophils noted in the present study, Molski et al. (14) observed a biphasic pH, response in rabbit neutrophils: a small (-0.05 U) acidification within the first minute followed by a sustained alkalinization of -0.2 U. These magnitudes are understandably smaller than those reported in this paper which were corrected for the presence of the 60% FMLP-responding subpopulation. However, the reason for the disparity in the data regarding the initial relative acidification is not at all apparent. The nature of these pH, transients has been examined in some detail. The alkalinization results from activation of an amiloride-sensitive Na/H countertransport mechanism that, under normally prevailing conditions, mediates a 1:1 exchange of external Na for internal H leading to a rise in pHi from -7.25 to -7.80 (19) . Several lines of evidence indicate that this alkalinization cannot be an obligatory requirement or sine qua non for O2 generation. First, roughly 40% of O2 release induced by 100 nM FMLP occurs in the presence of 1 mM amiloride (Figs. 1 and 3) , conditions under which the alkalinization is almost completely abolished (Figs. 2 and 3) . Second, compared to the response at [Na]b 140 mM, -25% of maximal O2 production occurs in the nominal absence of extracellular Na, where, because the Na gradient has been reversed, pHi actually acidifies after FMLP stimulation (Fig. 4) . Third, exposure of cells to 4 nM FMLP leads to an alkalinization of the same degree (to -7.8) at 30 min as that observed with 100 nM FMLP at 10 min (Fig. 2 ), yet causes no O2 release. Fourth, in the absence of FMLP, raising pH, to 7.7-7.8 by means of NH4Cl, monensin, or after a CO2 prepulse resulted in no demonstrable O2 generation above control. The foregoing arguments leave little doubt that some other, as yet, unidentified early excitatory signal induced by FMLP is critical to activation of the enzyme system responsible for the generation of 027.
Nonetheless, it appears that the pHi level seems to play a modulating or regulatory role at one or more steps in the pathway leading to 02 release. For instance, when either [Na]0, [Na]i, pHo, or pHi was varied independently, there was a direct, positive correlation between the pHi value in FMLP-stimulated cells and the amount of O2 released by 5 min. It is important to remember that the 5-min pHi value cannot, in and of itself, be the direct modulating factor in that 02 production is complete by 4-5 min. Rather, the relationship of pHi to this functional response may best be viewed in terms of this pHi's reflecting the pHi level prevailing at some critical juncture in time. Presumably, this period occurs early in the time course of events, possibly within the first few seconds after ligand-receptor interaction.
During the respiratory burst, there is a net generation of protons which can be detected as an acidification of the bathing medium (40, 41). At first sight, it might indeed seem that the associated pH, changes observed here are a direct result of the proton effilux and that an intracellular alkalinization is not unexpected. Actually, there is no theoretical reason to suppose that an acid efflux must be coupled to or be mirrored by an intracellular alkalinization. In fact, no a priori conclusion can be drawn about either the magnitude or direction of pHi from the quantity of H+ equivalents entering the bathing medium. It is important to emphasize that FMLP-activated Na/H exchange is a distinct, independent phenomenon, divorced from the release of protons associated with the formation of O2 or its reaction products. This point is graphically demonstrated by the data of Fig. 2 (42) (43) (44) . A slight decrease in activity is generally seen as pH is raised to 8.0. Thus, it appears unlikely that the observed enhancement of O-generating capacity at alkaline pHi can be attributed to a direct effect on this enzyme. However, it should be remembered that the properties ofany integral membrane protein may be different in intact cells as compared to those in partially purified subcellular preparations. It seems then that the mechanistic explanation underlying the effect of pH, on O2 generation awaits further identification of the pH dependencies of the reaction sequence leading to the production of°2-In this context, it is intriguing that Bormann et al. (45) have recently reported activation by FMLP ofa phospholipase activity in rabbit neutrophil membranes. The optimal pH was 8.0-8.5 with activity rapidly decreasing at pH values below 7.0. It is tempting to speculate that pH, might be acting through this route. This is especially appealing because changes in the turnover of phospholipids, in particular the release and subsequent metabolism of arachidonic acid to prostaglandins, leukotrienes, and other mediators, are thought to be important biochemical events in chemotactic factor-induced activation of neutrophils.
In this study, relatively high (i.e., millimolar) concentrations of amiloride were required to block FMLP-stimulated Na/H exchange and O2 generation. In other cell types, these concentrations have also been shown to inhibit Na conductive pathways (46), Na/Ca exchange (47), Na/K ATPase activity (48) , and bicarbonate transport (49) , and to penetrate the cell interior to affect protein synthesis (17) . Thus, a question arises as to the specificity of amiloride for the Na/H exchanger of human neutrophils: whether the effect of amiloride on O2 production is related solely to abrogation of Na/H exchange rather than to some other property. It is unlikely that the drug's suppression of 0°release is related to inhibition of Na channels in that we have found that amiloride is without effect on passive, electrodiffusive Na fluxes in human neutrophils (18) . In addition, an effect on Na/Ca exchange is unlikely since amiloride does not inhibit "4Ca fluxes (15) and since benzyl-amiloride, which blocks Na/Ca exchange in neutrophils by -75% (unpublished observations), does not alter FMLP-induced°2 generation. Finally, an effect on the Na/K pump can be ruled out because ouabain has no effect on°2 release (7) and because amiloride does not inhibit the active pump-mediated efflux of22Na from neutrophils (unpublished observations).
In contrast to the observation of a reduction in the amount of°2 release with decreasing [Nalo, Della Bianca and co-workers (50) reported enhancement of°2 generation at low [Na]0 (equivalent replacement by K). The authors noted that the increase in functional responsiveness correlated with an increase in the affinity and number of FMLP receptors (51) . The explanation for the difference between this and the present study is not immediately apparent. However, it should be pointed out that the studies of Rossi and colleagues were conducted in Cafree media containing 1 mM KCN, 17 mM phosphate, and 5
,ug/ml cytochalasin B, conditions very different from those reported here. Moreover, altered receptor function caused by the different experimental media cannot explain our results because a 1.5-h preincubation in Na-free medium (to cause internal Na depletion) or a 30-min pretreatment with 18% CO2, two maneuvers associated with higher FMLP-induced pHj and O-generation, had no effect on either the time course or extent of [3HJFMLP binding at 4 nM FMLP. Pfefferkorn (52) has presented evidence that several functional responses ofhuman monocytes, including°2 generation, occur independently of external Na, but that a dependence on [Na]0 could be induced by pretreating cells with isotonic NH4Cl. The author implied that the [Na]0 dependence of a variety of neutrophil functions might be an artifact resulting from the use of NH4Cl to lyse contaminating erythrocytes during the purification procedure. Although this observation could be invoked to explain our original data on O2 production (6), it cannot explain the present results because the neutrophils were rid of erythrocytes by hypotonic lysis. In addition, it should be noted that other investigators, who did not use the NH4Cl lysis technique, have also observed a number of different neutrophil responses, such as 0°generation (7), chemotaxis (4), and degranulation (7, 53) , to be dependent on external Na.
In summary, the data presented in this study indicate a modulating effect of intracellular pH on G2 generation by FMLP-activated human neutrophils. These results suggest that other functional responses of these cells may be regulated by their pHi.
